\ 


¥ 


*.•»  *.  /  ^V.V.V  /  .'  . 

-V>- 


■A-  ^  ^  - 


A182  930 


SECURITY  CLASSIFICATION  OP  THIS  PAGE 


) 


J 


i* *  MfOOTticumry  classification 

Unclassified 


J»  SBCURlTV  CLASSIFICATION  AUTHORITY 


REPORT  DOCUMENTATION  PAGE 


lb.  RESTRICTIVE  MARKINGS 


OCCLAWIF'CATIOM/OOWMGAAOING  SCHEDULE 


€  MR  FORMING  ORGANIZATION  REFORT  NUMSER(S) 

CSE/87-016 


3.  OlSTRISUTION/AVAILABILITV  of  report 

Approved  for  public  release;  distribution 
uni imited. 


9.  MONITORING  ORGANIZATION  REPORT  NUMBER(S) 

AFGL-TR-87-0129 


.  NAME  OF  PERFORMING  ORGANIZATION  Bb  OFFICE  SYMBOL  7*.  NAME  OF  MONITORING  ORGANIZATION 


Center  for  Space  Engineering  w«pp ueobtai 


Sc.  AOORESS  (City.  9 MM  and  2/P  Coda) 

Utah  State  University 
Logan,  UT  84322-4140 


Air  Force  Geophysics  Laboratory 
Infrared  Technology  Division 


7b.  AOORESS  (City.  Stoto  and  ZIP  Coda) 

Hanscom  Air  Force  Base, 
MA  01731 


.  NAME  OF  FUNOING/SPONSORING 


ORGANIZATION 

Air  Force  Geophysics  Lab 


Be.  AOORESS  (City.  Stoto  and  ZIP  Coda) 


OFFICE  SYMBOL  9.  PROCUREMENT  INSTRUMENT  IDENTIFICATION  NUMBER 
Of  eppliceb he) 

F19628-83-C-0056 


10.  SOURCE  OF  FUNDING  NOS 


Hanscom  Air  Force  Base 

MA  01731 

PROGRAM 
ELEMENT  no. 

PROJECT 

NO 

TASK 

NO. 

WORK  UNiT 
NO. 

11.  TITLE  llmetudo  Security  Clamiflcatiom) 

Assessment  of  Excitation  Mechanisms  (cont.) 

62 1 01 F 

7670 

10 

AK 

iz.  personal  autmorisi 

Charles  E.  Kolb.  Mark  S.  Zahniser,  Robert  B.  Lyons 


rtjA  type  of  report 

13b  time  COVEREO 

»4.  DATE  OF  REPORT  (Yr.  Mo.  Doy) 

faom1/R3  to 

■INSdR 

1987  March  31 

IS.  PACE  COUNT 


COSATI  COOES 


GROUP 


IS.  SUBJECT  TERMS  (Continue  on  rtMrN  i/  nectlMry  end  identify  by  biocb  number) 

EXCEDE,  artificial  aurora,  electron  beam,  CO,  0^, 

vibrational  excitation  mechanism,  mechanism, 
hemi luminescence 


*S-  abstract  iCmIMm  m  mono  it  nacataan  and  identify  fey  block  number)  . 

J  .  >  *  >  r  • :  •  vL_:\*:i.  c vS  '  I  • 

'A  goal  of  the  EXCEDE  artificial  aurora  experiment  is  to  quantify  upper 
atmospheric  infared  emission  mechanisms  for  disturbed  atmospheric  conditions. 

In  this  report  sources  and  vibrational  excitation  mechanisms  relevant  to 
electron  beam  induced  Infrared  emission  from  carbon  monoxide  and  ozone  in  the 
90-130  km  altitude  range  are  reviewed  and  assessed.  Estimates  of  vibrational 
excitation  deposition  fractions  ratioed  to  the  ion  pair  creation  energy  deposition 
level  are  presented  along  with  predicted  energy  deposition  and  decay  rates  for  each 
mechanism.  Mechanisms  considered  for  C0(v)  production  include  direct  electron 
Impact  on  ambient  CO,  <jissociativ£.excitation  of  Ctf?,  V-V  exchange  with 
vi brational ly  excited  N^,,  ^2  And  0,  and  infrared  chemiluminescence  from  the 
reaction  of  CO2  with  0+.  The  conclusions  are  that  the  initial  production  of  C0(v) 

_ _ (cont. ) _ 


*  OlSTRISUTION/AVAILABILITV  OF  ABSTRACT  21.  ABSTRACT  SECURITY  CLASSIFICATION 


JO.  OlSTRISUTION/AVAILABILITV  OF  ABSTRACT 
UNCLASSIFIEO/UNLIMITEO  Q  same  AS  APT  □  OTIC  USERS  □ 


M»  NAME  OR  RESPONSIBLE  INOIVIOUAL 

Francis  X.  Robert 


DO  FORM  1473.  83  APR 


Unclassi fied 


22b.  TELEFHONE  NUMBER 
(Include  A  roe  Code  I 

617  377-3614 


32c  OFFICE  SYMBOL 

AFGL/LSP 


Unclassi fied _ 

SECURITY  CLASSIFICATION  OF  THIS  PAGE 


EDITION  OF  1  JAN  73  IS  OBSOLETE. 


UCUWITV  CLASSIFICATION  OF  THIS  FAOt 


Continued  Block  11:  and  Temporal  Dependencies  of  Infrared  Radiation,  from 

Vibrationally  Excited  Carbon  Monoxide  and  Ozone  in  EXCEDE  experiments 


Continued  Block  19:  ^  1 

"?J>  dominated  by  direct  electron  impact  on  ambient  CO  which  represents  a  fraction  of 
^•5  x  10jJ  of  the  ion  pair  production  energy  at  100  km  altitude  and  decays  with  a 
radiative  time  constant  of  28.3  ms.  On  a  longer  time  scale  of  0.1  to  100  s  after 
electron  beam  termination,  energy  transfer  from  N^A)  and  the  02(A',c)  metastable 
states  and  from  vibrationally  excited  N^v)  may  contribute  to  C0(v)  production. 

Potentially  the  strongest  production  mechanisms  for  vibrationally  excited  O3 
are  the  two  body  reactions  of  02(A,A' ,c)  metastable  states  with  ambient  Op. 

These  would  occur  on  a  time  scale  of  5  to  50  s  and  could  account  for  up  to^X  of 
the  beam  energy.  Direct  excitation  of  ambient  O3  by  electron  impact  or  by  \ 

02(b  li)  quenching  may  contribute  to  prompt  emission  of  0->(yj)  9.6  jn  radiation 
below  100  km.  ^ 


SICURITY  CLASSIFICATION  OF  THIS  FAOf 


FOREWORD 


EXCEOE  Is  a  Defense  Nuclear  Agency/Air  Force  Geophysics  Laboratory  (DNA/AFGL) 
program  wiich  promotes  the  study  of  atmospheric  radiative  processes  resulting 
from  the  controlled  deposition  of  energetic  electrons.  A  major  goal  of  the 
EXCEDE  experimental  series  is  to  generate  a  quantitative  understanding  of 
electron  Impact-induced  infrared  processes.  In  the  experiments,  rocket -borne 
electron  accelerators  Introduce  artificial  auroral  conditions  into  the  upper 
mesosphere  and  lower  thermosphere.  The  accompanying  payload  instrumentation 
then  gathers  and  records  the  ultraviolet,  visible,  and  infrared  atmospheric 
emission  data. 

EXCEDE: SPECTRAL,  the  most  recent  EXCEDE  mission,  flew  on  19  October  1979  into 
a  dark,  clear  and  aurorally  inactive  night  atmosphere  from  Poker  Flat,  Alaska. 
EXCEDE: SPECTRAL,  in  contrast  to  previous  EXCEDE  missions,  provided  a  higher 
Irradiation  rate,  and  incorporated  more  payload  instruments.  The  payload  op¬ 
tical  and  infrared  spectral  instruments  recorded  detailed  band  profiles. 

The  Center  for  Space  Engineering  (CSE)  at  Utah  State  University  awarded  Sub¬ 
contract  No.  83-035  to  Aerodyne  Research,  Incorporated  authorizing  them  to  an¬ 
alyze  data  from  EXCEDE: SPECTRAL.  More  specifically,  they  analyzed  the  4. 7pm 
carbon  monoxide  emission  and  ozone  emissions  ranging  from  9.1  to  14.1um. 
Aerodyne  scientists  completed  their  work  under  the  subcontract  and  submitted 
their  final  report  to  CSE  in  December,  1984.  This  scientific  report  is  based 
on  Aerodyne's  final  report.  It  discusses  direct  excitation  of  CO  and  Aero¬ 
dyne's  temporal  predictions  for  CO.  This  report  also  discusses  the  production 
mechanisms  for  vibrational ly-excited  ozone. 
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1 .  INTRODUCTION 


The  EXCEDE  series  of  experiments  conducted  for  the  Defense  Nuclear  Agency 
by  the  Air  Force  Geophysics  Laboratory  is  designed  to  identify  and  quantify 
radiation  producing  mechanisms  operative  in  the  upper  mesosphere  and  lower 
thermosphere  during  disturbances  initiated  by  the  deposition  of  high  energy 
electrons. 

During  the  EXCEDE  experiments  rocket  borne  electron  accelerators  deposit 
bursts  of  energetic  (-  3  kV)  primary  electrons  at  altitudes  ranging  from 
roughly  70  to  130  km.  Ultraviolet,  visible  and  infrared  atmospheric  emissions 
Induced  by  these  electron  bursts  are  recorded  by  ground  based,  aircraft  based 
and/or  on-board  (rocket  based)  spectrometers,  radiometers  and  cameras. 

A  major  goal  of  the  EXCEDE  experimental  series  is  to  generate  a 
quantitative  understanding  of  electron  Impact  induced  Infrared  processes. 

These  processes,  which,  due  to  atmospheric  transmission  characteristics,  must 
generally  be  observed  by  in  situ  instrumentation,  were  a  major  target  of  the 
EXCEDE : SPECTRAL  mission  flown  in  October,  1979. 1  While  many  of  the  Infrared 
spectral  features  observed  on  this  flight  were  anticipated,  several  infrared 
features  observed  by  the  EXCEDE: SPECTRAL  flight  were  unexpected,  including  a 
distinct  feature  at  4.7  ^m.  In  addition,  the  EXCEDE: SPECTRAL  on-board 
Instruments  did  not  cover  the  spectral  range  between  6.8  and  12  pm.1 

The  field  data  gathered  by  the  initial  EXCEDE: SPECTRAL  flight  were  rich 
in  detail  and  subsequent  analyses  have  highlighted  the  desirability  of 
additional  EXCEDE  missions.2  For  Instance,  an  analysis  effort  at  Aerodyne 
Research,  Inc.  identified  the  source  of  the  unexpected  4.7  ^m  feature  as 
direct  excitation  of  ambient  thermospheric  carbon  monoxide.3 

Furthermore,  additional  analyses  of  the  long-lived  visible  spectral  glow 
observed  during  the  PRECEDE  portion  of  the  EXCEDE  experimental  series  has 
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identified  the  4. 5-5.0  eV  states  (A  3Z+,  A’  3A  and  c  *£  )  of  02  as  an 
important  reservoir  of  electron  deposition  energy. 5  Quite  recently, 
laboratory  experiments  involving  these  highly  excited  molecular  oxygen  states 
have  strongly  Indicated  that  they  can  be  a  source  of  vlbratlonally  excited 
ozone,6  thus  possibly  producing  strong  Infrared  radiation  in  the  9.0  to  10.5 
pm  region  not  covered  in  the  EXCEDE : SPECTRAL  experiment. 

The  purpose  of  this  report  is  to  assess  sources  and  vibrational 
excitation  mechanisms  for  carbon  monoxide  and  ozone  in  the  disturbed 
atmosphere  at  altitudes  (100-130  km)  where  the  EXCEDE  experimental  arrangement 
functions  best.  Estimates  of  the  source  strength,  spectral  extent  and 
temporal  dependence  of  infrared  radiation  from  vlbratlonally  excited  CO  and  O3 
induced  by  the  EXCEDE  electron  impact  source  are  presented  along  with 
suggestions  on  how  future  EXCEDE  experiments  might  best  be  configured  to 
observe  the  predicted  infrared  emission  features. 
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2.  INFRARED  EMISSION  FROM  CARBON  MONOXIDE 

2 . 1  Direct  Excitation  of  CO/ Analysis  of  EXCEDE  Spectral  Observations 

As  reported  in  Reference  3,  the  4.7|jjn  emission  feature  measured  by  the 
EXCEDE : SPECTRAL  experiment  has  been  identified  as  arising  from  electron  impact 
excited  carbon  monoxide.  This  identification  was  based  on  the  shape  of  the 
spectral  profile  as  measured  by  the  on-board  CVF  spectrometer  and  on  the  close 
match  between  the  magnitude  of  the  observed  radiance  in  the  4.7pi  feature  and 
that  calculated  using  a  thermospheric  CO  abundance  predicted  by  Allen  et  al, ' 
known  direct  electron  impact  cross  sections  for  C0S,  and  an  energy  deposition 
computer  model  devised  by  J.  Winnick  of  AFGL. 

The  predicted  carbon  monoxide  mixing  ratio  used  in  the  model  calculation 
is  based  on  a  photochemical  model  driven  by  the  photodissociation  of  CO 2  above 
90  km  and  the  reaction  of  CO  with  OH  to  reform  C02  below  90  km.7  The 
resulting  calculated  CO  and  C02  profiles  from  Reference  7  are  shown  In  Figure 
2-1  along  with  a  comparison  to  available  CO  measurements  in  the  50  to  80  km 
range7*9*10  and  measured  CO2  profiles  in  the  80  to  120  km  range.11  The 
good  agreement  in  the  C02  mixing  ratio  fall  off  above  90  km  gives  added  weight 
to  the  predicted  CO  profile  in  the  90  to  120  km  range. 

The  resulting  CO  and  C02  profiles  of  Allen  et  al  are  also  plotted  in 
Figure  2-2  along  with  the  other  atmospheric  constituents  considered  in  the 
report.  Major  species  profiles  are  adopted  from  the  model  of  Keneshea  et 
al.  The  apparent  variability  in  atomic  oxygen  in  this  altitude  region  is 
illustrated  with  data  from  several  recent  measurements.13-15 
NO  profiles  are  taken  from  References  16-18. 


The  Ar ,  0  3  and 


The  direct  excitation  of  carbon  monoxide  vibrational  states  by  secondary 
electrons  occurs  principally  through  a  negative  ion  shape  resonance  in  the  1 
to  3  eV  energy  range.19  The  peak  excitation  energies  for  the  first  four 
vibrational  levels  lie  just  below  the  energy  range  for  the  2  to  4  eV  shape 
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rtiouaci  excitation  curvti  for  N ;  and  arc  thus  "uncovered"  by  tha  dominant  Mj 
excitation  process.  Vibrational  levels  of  CO  higher  than  v  ■  4  will  not  be 
excited  due  to  their  over  lap  with  the  larger  cross  sections  for  the  far  more 
abundant  N j ■ 

Measured  electron  Impact  cross  sections  for  excitation  to  specific  CO 
vibrational  levels  as  presented  In  Reference  8  are  plotted  in  Figure  2-3- 
Also  presented  for  comparison  Is  the  total  cross  section  for  N-  vibrational 
excitation  from  Reference  20. 

The  quantitive  result  of  our  modeling  effort  at  100  km  was  that  6  x  10~  ^ 
quanta  of  CO  vibrational  excitation  would  be  created  per  ion  pair  with  84Z  of 
the  excited  CO  created  U  *  •  1,  10Z  in  v  ■  2,  4Z  In  v  -3,  and  2Z  in  v  ■  4. 
This  distribution  arises  from  calculated  vibrational  energy  distributions, 

Sy,  ratios  of  i.j  .12.  .05/ .02  with  a  CO  mixing  ratio  of  5  x  10-5.  It  should 
t>e  noted  that  spectral  fitting  routines  assuming  Ny  quite  similar  to  these 
calculated  values  provide  an  excellent  fit  to  the  EXCEDE: SPECTRAL  CVF  data 
feature  at  •* .  7  ji.  3 

The  b  x  10' J  quanta /Ion  pair  is  derived  as  follows: 

Clven  the  fact  that  higher  vibrational  levels  of  CO  have  radiative  lifetimes 
approximated  by  tU*0),  v,  *  the  immediate  4.7  ym  output  for  the 

4 

calculated  100  las  distribution  is  close  to  £  vN„  or  -1.5  times  the 

v  v-1  v 

v  -  1  emission  rate.  Since  the  C0(v  -  1)  production  rate  was  calculated  to  be 
*  *  10- 3  /ion  pair  at  100  km,3  and  since  the  steady  state  production  and 
emission  rates  are  equal,  when  correction  is  made  for  the  faster  radiative 
lifetimes  of  v  -  2,  3,  and  4,  the  "apparent"  calculated  emission  rate  is 
"1.5  times  higher  or  6  x  10” 3  per  ion  pair. 

The  Wlnick  model  was  also  used  to  predict  a  3914A  band  production/ 
emission  rate  from  Nj*  of  6  x  10” 2  quanta  per  ion  pair,  resulting  in  a 
predicted  ratio  of  CO  (4.7  4a)  to  N2+  C  3914  A)  steady  state  emission  rate  of 
-0.006/0.06  or  .0.1.  A  plot  of  this  ratio  from  the  EXCEDE  spectral  data 
Is  shown  as  the  open  circles  in  Figure  2-4.  Although  there  is 


Figure  2-4.  4.7  ym/N_  (3914)  Intensity  Ratio  and  CO  Mixing  Ratios  (Ref.  7) 


considerable  scatter  In  the  data,  the  tvo  points  nearest  100  Vos  give  I  (4.7 
pa) /I  (3914A)  ratios  of  about  0.15  and  0.28  in  good  agreement  with  the 
calculated  value  of  0.1  given  the  considerable  uncertainties  in  the  model  and 
its  inputs. 

Furthermore,  given  the  model  assumption  that  both  CO  vibrational 
excitation  and  N2+  (3914A)  production  are  direct  electron  impact  processes  we 
expect  the  altitude  dependence  of  the  I  (4.7  pm)/I  (39144)  steady  state 
emission  to  follow  the  CO  mixing  ratio  profile  which,  in  turn,  is  proportional 
to  the  CO/Nj  ratio.  As  illustrated  in  Figure  2-4  given  the  data  scatter  the 
CO  mixing  ratio  is  a  good  Indicator  of  the  I  (4.7  in)/I  (39144)  emission 
particularly  between  95  and  110  km. 

Thus,  the  spectral  shape,  absolute  emission  level  and  altitude  profile  of 
the  EXCEDE: SPECTRAL  4.7  pm  feature  are  all  well  explained  by  direct  electron 
impact  excitation  of  ambient  CO.  This  unexpected  result  has  been  recently 
supported  by  the  observation  of  high  resolution  CO  spectra  measured  by  the 
rocket  borne  Field  Widened  Interferometer  experiment.22 

In  summary,  as  first  presented  in  Reference  3,  the  steady  state  beam-on 
production  of  4.7  pm  radiation  is  well  explained  by  Invoking  the  direct 
excitation  of  CO  by  secondary  electrons  in  the  1  to  2  eV  range.  Since  the 
production  rate  of  CO  vibrational  quanta  is  ~6  x  10” 3  quanta  per  ion  pair  at 
100  km,  and  since  each  quanta  is  about  0.26  eV,  the  fraction  of  beam  energy 
deposited  in  CO  vibration  at  100  km  is  -6  x  10" 3  x  0.26  eV/35  eV  or  ~4.5  x 
10~5  of  the  major  energy  deposition  mechanism.  As  indicated  by  Figure  2-4, 
this  energy  deposition  ratio  probably  rises  by  a  factor  of  2-3  in  the  105  to 
120  km  range.  The  ratio  of  deposition  energy  to  ion  pair  production  energy 
will  be  a  key  indicator  in  the  discussion  of  the  temporal  evolution  of  CO  4.7 
pm  radiation  discussed  in  the  following  subsection. 
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2.2  Temporal  Predictions  for  CO  4.7  im  Radiation 

Infrared  observations  froa  Cha  EX CEDE  apectral  mission1*2  ware  limited 
to  a  region  of  active  electron  beaa  irradiated  atmoaphere  interaperaed  with 
nonirradiated  reglona  aa  the  electron  beaa  awltched  on  and  off.  Thia 
experimental  geoaetry  favora  “prompt"  emitter*  which  are  directly  excited  by 
the  incident  electron  flux  and  have  radiative  lifetlaea  ahorter  than  the 
obaervatlon  tlae  aa  the  onboard  inatruaenta'  field*  of  view  paaa  through  the 
Irradiated  voluae  (“10  aa).  It  haa  been  recognised  that  radiation  due  to 
secondary  excitation  proceaaea  (e.g.,  aetaatable  E-*V  exchange  or  infrared 
chemiluminescence)  and/or  longer  lived  emitters  could  be  better  analysed  if 
future  EXCEDE  missions  were  designed  to  view  post-irradiated  regions  where 
prompt  emissions  are  decaying  at  a  faster  rate  than  radiation  froa  secondary 
processes  or  even  long-lived  promptly  excited  states - 

The  following  subsections  are  an  attempt  to  review  all  relevant  prompt 
and  secondary  CO  vibrational  excitation  mechanisms,  in  terms  of  their  strength 
(the  ratio  of  expected  deposition  energy  into  CO  vibrational  states  to  the 
energy  deposited  into  ion  pair  production)  and  characteristic  production  and 
decay  times.  This  review  is  intended  to  identify  the  major  CO(v)  production 
mechanisms  and  their  Inherent  time  scales  as  an  aid  to  predicting  4.7  jb 
radiation  characteristics  available  for  observation  by  future  EXCEDE  missions. 

The  potential  CO(v)  excitation  mechanisms  reviewed  in  this  effort  are 
listed  in  Table  2-1.  The  mechanisms  reviewed  Include  two  direct  processes: 
secondary  electron  excitation  of  ambient  CO  and  dissociative  excitation  of 
ambient  C02;  and  nine  indirect  processes,  including  intermolecular  E-*V 
quenching  of  the  electronic  metastable  species  N2(A),  0( JS) ,  0( *D) ,  02(blE), 
02(a1A),  and  the  4.5  eV  states  of  02,  E->E  quenching  of  N2(A)  followed  by 
secondary  intramolecular  E*V  quenching  of  CO(a^x),  V*V  quenching  of  N2(v)  and 
Infrared  chemiluminescence  in  the  reaction  of  0+  with  C02. 

The  bulk  of  the  indirect  processes  considered  involve  the  Intermolecular 
E-»V  quenching  of  electronically  excited  species.  A  summary  of  the  excitation 
energy  and  major  excitation  and  quenching  processes  of  these  metastable 
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electronic  energy  reservoir  species  Is  shown  In  Table  2-2.  Production  and 
loss  nechanlsms  of  several  reservoir  species  for  EXCEDE  experimental 
conditions  have  been  deduced  from  analysis  of  the  PRECEDE  experiment. 23 * 5 
Other  key  excitation  and  loss  mechanisms  can  be  evaluated  from  the  work  of 
Torr  and  Torr.24  An  analysis  of  the  potential  role  of  both  electronically  and 
vlbratlonally  excited  reservoir  species  in  the  production  of  QO(v)  Is 
presented  below. 


Table  2-1  -  Excitation  Mechanisms  for  00(v) 


PROCESS  FORMULA 

PROCESS  TYPE 

1)  e  +  00  -*•  00(v)  +  e 

Direct  electron  impact 

2)  e  +  002  •*  C0(v)  +  0  +  e 

Electron  Impact  dissociative 

excitation 

3)  N2(v)  +  00  -►  OO(v')  +  N2(v-v*) 

V-V  exchange  with  N2 

4)  N2(A)  +  00  -*■  CO*(a , v)  +  N2 

E-E  exchange  with  N2(A)  plus 

C0*(a,v)  -►  C0(v' )  +  hv 

radiative  or  colllslonal  quenching 

CO*(a,v)  +  M  -*■  CO(v')  +  H2 

5)  ll2(k)  +  00  -*•  CO (v)  +  M 

E-V  exchange  with  N2(A) 

6)  0  (XS)  +  00  C0(v)  +  0  (3P) 

E-V  exchange  with  0  ( *S) 

7)  0  (XD)  +  00  C0(v)  +  0  (3P) 

E-V  exchange  wi  th  O'  (  *D) 

8)  02  (c,A,A')  +  00  -►  00(v)  +  02 

E-V  exchange  with  02* 

9)  02  (bXz)  +  CO  *  C0( v)  +  02 

E-V  exchange  with  02* 

10)  02  (a  *a)  +  CO  -*■  C0( v)  +  02 

E-V  exchange  with  02* 

11)  C02  +  0+  -►  G0(v)  +  02+ 

Infrared  chemiluminescence 

Table  2-2  -  Electronically  Metastable  Reservoir  Species 


RADIATIVE 


EXCITED 

SPECIES 

EXCITATION 
ENERGY  (eV) 

LIFETIME 

(sec) 

MAJOR  EX CEDE 

PRODUCTION  MECHANISMS 

MAJOR  LOSS 
MECHANISMS 

*2  (A  3Z+) 

6.16 

-2 

e  +  N2  ■+  N2(A,B,C,etc. ) 

N2(A)  +  0 

N2(B,C,etc.)  N2(A)  +  hv 

n2(a)  +  02 

3(lS) 

4.19 

.9 

N2(A)  +  0 

o^s)  +  o2 

02+  +  e 

0(:S)  -*■  O^D)  +  hu 

e  +  0 

O^D) 

1.97 

110 

02+  +  e 

0(1D)  +  N2 

e  +  0 

O^D)  +  o2 

0(1S)  O^D)  +  hv 

d2  a  3e+, 

4. 5-5.0 

0.18 

e  +  02 

★ 

o2 •  +  o 

5-50 

N2(A)  +  02 

★ 

o2  +  n2 

C  X 

25-50 

★ 

02  02  +  hv 

°2  <b 

1.64 

12 

e  +  02 

02(b)  +  N2 

0  (XD)  +  02 

0  (LS)  +  o2 

02  (b)  +  02(a)  +  h 

°2  <a  lAg) 

0.98 

2700 

e  +  02 

02(a)  +  02 

02(c,A')  +  hu 

02(b)  +  hu 

CO  (a  3«) 

6.01 

-.007 

e  +  CO 

CO(a)  +  N2 

n2(a)  +  00 

CO(a)  -**  CO  +  hv 
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2.2.1  Direct  Electron  Impact  Excitation  of  CO 

As  reviewed  in  Section  2-1  our  previous  analysis  of  the  EXCEDE : SPECTRAL 
Mission  identified  direct  electron  impact  on  ambient  CO  as  the  predominant 
mechanism  for  the  production  of  "prompt**  CO(v).3  Our  model  analysis  for  the 
100  km  case  (5  x  10“5  mixing  ratio  for  CO)  predicted  the  amount  of  beam  energy 
deposited  in  C0(v)  was  ~4.5  x  10“ 5  of  the  ion  pair  creation  energy. 

The  Infrared  emission  time  scale  associated  with  this  direct  excitation 
mechanism  is  the  intrinsic  radiative  lifetime  of  the  C0(v)  excited  states. 

The  radiative  emission  time  scale  dominates  because  the  quenching  of  low  C0(v) 
states  by  atmospheric  species  is  very  slow.  For  example  the  rate  constant  at 
300°K  for  V  -  1  state  of  CO  to  undergo  V-*V  exchange  with  N2  ia  5  x  10“ 1 6  cm3 
sec-1,  with  O2  it  is  9  x  10“17  and  the  V+T/R  rate  constant  for  A r  is  less  than 
3  x  10  .  For  vibrational  quenching  to  compete  with  radiative  decay  at 

100  km  where  the  N2  number  density  is  10 13  cm-3,  the  quenching  rate  constant, 
Kq,  for  N2  would  have  to  exceed  3  x  10“ 12  since: 

kQW  >  l/tMd  -  35  sec'1. 

The  V-*T/R  rate  for  atomic  oxygen  would  have  to  exceed  3  x  10“  ,  and  although 

room  temperature  rates  are  not  available  for  this  process  it  is  unlikely  that 
0  is  more  than  10  7  times  more  effective  than  the  upper  limit  for  Ar. 

A  best  estimate  of  the  C0(v-1)  radiative  lifetime  is  28.3  msec  based  on 
four  recent  determinations  of  the  C0(l+0)  integrated  band  absorption 
coefficient  of  266.0, 26  282.2, 27  279 28  and  27329  cm"2  atm"1  at  standard 
temperature  and  pressure. 

Averaging  these  four  values  gives  an  integrated  band  intensity,  S,  of 
275  cm  atm  (STP).  Using  Penner's  expression  relating  Sjfo  with  the 
radiative  lifetime30  and  a  band  center  frequency,  of  2143  cm-1  or  6.42 

x  1013  sec"1  yields: 


Wl*°> 


.0283  sec 


3.21  x  1028  _  3.2  x  1028 

S.  v  2  275  x  (6.42  x  1013)2 

lu  iu 

Thus  the  direct  excitation  of  CO(v)  by  electron  impact  will  decay  after 
bean  termination  with  a  rate  constant  of  1/ xra<j  ■  A  (l-*0)  ■  35  sec-1  for  v  - 
1,  with  higher  vibrational  levels  displaying  a  radiative  decay  rate 
approximately  v  times  A  (l+O)  cascading  to  lower  v's.  However,  since  we 
have  calculated3  that  for  the  100  km  case  84Z  of  the  excited  CO  will  be 
created  in  v  ■  1  the  35  sec-1  decay  rate  constant  will  dominate  the  4.7  pm 
fall  off  from  direct  excitation. 

In  summary,  for  our  100  km  benchmark  altitude  with  a  CO  mixing  ratio  of  5 
x  10-5,  we  predict  that  about  4.5  x  10'5  of  the  ion  pair  creation  energy  will 
be  deposited  by  direct  electron  Impact  excitation  into  the  CO  vibrational 
manifold,  with  the  great  bulk  of  the  excitation  in  v  *  1.  This  radiative 
source  will  start  coincident  with  the  exciting  electron  deposition  and  the 
predominant  component  will  decay  after  beam  termination  at  the  radiative  decay 
rate  of  the  v  -  1  component  with  a  decay  rate  constant  of  35  sec-1. 

2.2.2  Dissociative  Excitation  of  Carbon  Dioxide 

As  shown  in  Figures  1-2  and  2-2  the  ambient  CO 2  concentration  exceeds 
that  of  CO  by  about  a  factor  of  3  at  100  km,  equals  the  CO  concentration  near 
108  km  and  falls  below  the  CO  concentration  at  altitudes  above  108  km. 

Since  the  0-C0  bond  energy  in  CO  2  is  3.5  eV,  electrons  with  energy  in 
excess  of  about  5.75  eV  are  capable  of  dissociating  CO2  and  leaving  the  CO 
fragment  vlbratlonally  excited.  If  the  dissociating  electron  attaches  to  the 
atomic  oxygen,  the  energy  dissociation  threshold  is  lowered  to  4.0  eV  with 
-4.25  eV  required  for  CO  vibrational  excitation. 

There  are  no  cross  section  measurements  available  which  indicate  the 
degree  of  CO  vibrational  excitation  in  direct  dissociation  or  dissociative 
attachment  electron  impact  cross  sections  for  C02*  However,  in  both  neutral 
and  ionic  chemical  reactions  there  is  a  general  observation  that  vibrational 
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reaction  energy  is  usually  not  present  in  a  molecular  fragment  unless  it  Is 
formed  during  the  reaction.  Thus  for  an  exothermic  reaction  of  the  type 

ABC  +  D  AB  +  CD 


the  fragment  CD  which  is  formed  in  the  reactive  process  if  far  more  likely  to 
be  excited  than  the  AB  fragment. 

By  analogy,  we  might  expect  that  the  electron  impact  processes: 


e  ♦  CO. 


CO  +  0" 

CO  +  0  ♦  e 


might  not  be  particularly  effective  means  of  producing  vlbratlonally  excited 
CO. 

Cross  sections  are  available  for  the  dissociative  attachment  portion  of 
the  process  noted  above  with  the  room  temperature  value  displaying  two  narrow 

("leV)  peaks  (with  no  observable  vibrational  structure)  reaching  “1.5  x 

— 192  — 19  20 

10  cm  just  above  4  eV  and  -4.5  x  10  just  above  8  eV.  This  can  be 

compared  with  the  total  direct  excitation  cross  section  for  C0(v)  (individual 
vibrational  level  cross  sections  are  shown  in  Figure  2-3)  which  peaks  above  8 
x  10  16  cm-2. 19,20  Electron  energy  loss  in  the  4  and  8  eV  ranges  is 
dominated  by  momentum  transfer  to  Nj  (a  •  10“ 15  cm2)20  and  possibly  by 
electronic  excitation  of  O2  and  N2  respectively. 

However,  even  the  first  mechanism,  momentum  transfer  to  N2,  would 
dominate  C02  dissociation  as  an  energy  loss  mechanism  in  the  4  and  8  eV 
ranges.  This  can  be  seen  from  a  simple  comparison  of  energy  loss  for  the  two 
processes.  The  momentum  transfer  energy  loss  fraction  can  be  approximated  by 
the  ratio  of  the  electron  to  N2  mass  of  2  x  10-5  multiplied  by  the  electron 
energy  (4  or  8  eV,  corresponding  to  the  two  peaks  in  the  CO 2  dissociation 
cross  section).  Thus  the  4  eV  energy  loss  rate  for  momentum  transfer  to  N2  at 
100  km  can  be  approximated  by: 
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*»2  ■  v«  %  M  “ 

*  v^cm  sec  1  x  (10  i5  cm2)  x  ( 10 1 3  cm-3)  x  (4  eV)  x  1  x  10“' 

*  8  x  10  7  (v  )  eV/sec 

e 

while  the  comparable  energy  loss  rate  for  C02  dissociation  is 
RC02  "  Ve  °C02  fC°2^  ^ 

-  cm  sec-1  x  (1.5  x  10~i9  cm2)  x  (3  x  109  cm-3)  x  (4  eV) 
■  1.8  x  10“9  (v^)  eV/sec 


Thus,  the  energy  loss  rate  ratio  for  C02  dissociation  and  h’2  momentum  transfer 
at  4  eV  is  less  than  1.8  x  10~9  ve  /  8  x  10-7  ve  or  1/400  of  the  loss  rate 
for  momentum  transfer  to  N2.  A  similar  fraction  applies  at  the  8  eV  resonance 
peak  as  well.  Since  we  have  argued  that  probably  only  a  small  fraction  of  the 
dissociative  attachment  events  leave  the  CO  fragment  vibrationally  excited, 
and  since  most  of  the  energy  loss  in  the  C02  process  is  taken  up  in  breaking 
the  C02  bond  not  exciting  C0(v),  it  seems  probable  that  C0(v)  production  from 
C02  cannot  compete  with  direct  excitation  of  CO.  This  is  particularly  true  of 
altitudes  above  108  km  where  CO  is  more  abundant  than  C02  to  start  with. 

If  CO(v)  production  from  C02  were  comparable  with  direct  excitation  of 
CO,  the  4.7  pm  radiation  feature  observed  in  the  EXCEDE : Spectral  experiment 
should  have  followed  the  C02  mixing  ratio  profile,  at  least  in  the  90-105  km 
region  where  [ CO 2 ]  >  [CO]  (see  Figure  2-1).  As  illustrated  in  Figure  2-4  the 
4.7  pm  profile  appears  to  closely  follow  the  CO  mixing  ratio  (sharply 
increasing  between  90  and  100  km  and  constant  in  the  100-115  km  range)  not  the 
monotonically  decreasing  C02  mixing  ratio.  This  strongly  corroborates  our 
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argument  that  CO2  dissociation  is  a  minor  source  of  CO(v)  under  EXCEDE 
conditions . 

Of  course  any  CO(v)  created  by  impact  dissociation  of  C02  would  decay 
with  the  same  radiative  quenching  rate  characteristic  of  directly  excited  CO 
upon  beam  termination. 

2.2.3  Vibrational  Exchange  with  N?(v) 

As  indicated  by  the  large  electron  impact  cross  section  for  vibrational 
excitation  of  N2  plotted  in  Figure  2-3  and  the  fact  that  N2  is  the  dominant 
atmospheric  species  in  the  90-120  km  range  as  shown  In  Figure  2-2,  the  EXCEDE 
experiments  can  be  expected  to  produce  copious  amounts  of  N2(v).  Since  N2(v) 
does  not  have  an  electric  dipole  moment  it  forms  a  long  lived  metastable 
energy  source  until  collisionally  quenched.  The  principal  quenchant  for  N2(v) 
by  the  altitude  range  of  Interest  is  atomic  oxygen  with  a  quenching  rate 
constant  of  ~2  x  10“ 15  cm3  sec-1  for  N2  (v  »  1)  at  upper  aesopheric  and 
lower  thermospheric  temperatures. 

Given  an  atomic  oxygen  density  at  100  km  of  8  x  10 10  to  8  x  10 1 1  cm' 3 
from  Figure  2-2  this  corresponds  to  a  N2(v)  quenching  rate  of  between  1.6  x 
10-4  and  1.6  x  10”  3  sec-1  or  a  quenching  lifetime  of  greater  than  625  sec.  (or 
10  minutes)  at  100  km.  Thus,  for  any  time  scale  of  interest  to  an  on  board  or 
fly  along  EXCEDE  experiment  the  N2(v)  pool  will  remain  constant. 

The  rate  constant  for  the  production  of  CO  (v  ■  1)  from  N2  (v  -  1)  at 
temperatures  characteristic  of  100  km  is  about  8  x  10-15  cm 3  sec  *.3i  Thus, 
the  time  scale  for  the  production  of  C0(v)  from  N2(v)  is  also  quite  long . 
Assuming  [CO]  «  [N2(v)j  and  a  CO  concentration  of  5  x  108  at  100  km  (from 
Figure  2-2)  then  the  rate  for  the  production  of  C0(v)  is  8  x  10“ 15  cm 3  sec-1  x 

5  x  108  cm-3  ■  4  x  10~6  sec-*  giving  a  V-V  exchange  time  scale  2.5  x  10' 

seconds  or  almost  3  days. 

The  fraction  of  the  beam  energy  directly  deposited  into  N2(v)  is  probably 

well  approximated  by  the  ~2.0  eV  slice  between  "1.6  and  3.6  eV  electron 

energy  range  which  is  dominated  by  the  N2  shape  resonance  plotted  in 
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Figure  2-3.  Id  this  energy  range  N^vi  excitation  doc.1  r.a  t  e  s  energy  ..ss 
processes-  This  direct  excitation  also  dominates  tota.  N  j  pruduc  t 
although  soae  additional  N~(v.t  production  through  O'L  ar.d  *  quer.c  h i  r.g  w. . . 
also  occur-  Since  Che  electron  energy  loss  per  Ion  pair  Is  35  eV.  ta  - 
secondary  electron  loses  roughly  2,3  5  or  6Z  of  let  energy  t-  direct  e«.  :ri:i 
of  M 2 ( » )  -  This  estlaate  Is  In  agreement  with  Winnies  >  sec* .  at  .  <  *s  wf  : .  - 
predicts  that  8-^X  of  the  Ion  pair  creation  energy  is  deposited  :r.  S  1: 

roughly  6  x  1C  *  of  the  Ion  pair  f  orsatloc  energy  is  'resent  as  S  .  f  er. 
the  fraction  flowing  Into  COi  v  i  is  Halted  bv  the  rati  ;t  •  q  _e  t : i  t* 
of  N^fv)  which  at  least  for  N-iv  •  1  can  be  tit laatec 

If  we  take  the  CC  and  0  at  1  JO  na  to  be  5  x  and  1  x 

respectively  then  the  ratio  of  tneir  *  1  quenching  rates  is 

k^Q  ^COj/k  0;  •  ( i  8  x  10  x  (5  x  12  i  .  2  x  .  x  •  x  . 

*  k  x  10  * 

Thus,  the  fraction  of  the  loo  pair  creation  energy  deposited  through  S 
Into  CO(v)  can  be  estimated  as  6  x  13“‘  x  a  x  10’  or  -!  •*  x  10"". 

This  level  of  fractional  energy  tranfer  Is  about  ^  tlaes  greater  than.  •  •  e 
4.5  i  10  5  fraction  calculated  for  direct  CO  excitation  a:  1 2C  cs  -  However . 

It  Is  laportant  to  reaeaber  that  t.ne  deposition  rate  is  ;*rv  slow  ...sparer, 
with  the  direct  process.  The  direct  process  is  fast  enough  t  reach  s>a;. 
state  when  the  beaa  Is  on  and  decays  with  tre  CC  radia-  ;ve  lifetiae  r  2b  .  ■ 
aaec .  The  N2(v)  process  puaps  energy  into  C0>  v ,  with  a  ttxe  scale  fat  :  s 
very  long  coapered  to  the  beaa-on  duration  and  decays  wlf,  N  quenching  t  ■■ 

O-atoas  on  e  tlae  scale  of  roughly  10  alnutes. 

ly  dividing  total  energy  Input  fraction  bv  the  de-ay  tlae  const  m: s  t 
each  process  we  can  assess  their  initial  relative  radiative  output  rotes 


3.8  x  10“ 


20 


•  ♦  CO: 


*.5  x  1Q-5 
0.0283  sac 


1.6  x  10-3 


Thus,  Initially  tha  direct  excitation  aechanlsa  la  a  6  x  103  stronger  source 
of  0 0(v)  radiation;  however,  after  -9  radiative  llfetlaes  (0.25  s)  the 
direct  source  will  decay  to  a  point  where  the  S-(v)  source  doalnates.  The 
N 4  v  source  will  then  doalnate  until  the  N(v)  is  quenched,  a  process  which 
will  require  several  tens  of  alnutes. 


2.2.*  quenching  of  fletastable  Electronic  States 

Analysis  of  the  first  three  3D<v)  excitation  aechanlsas  listed  In  Table 
2-1  has  shown  that  process  .  ,  the  direct  electron  lapact  excitation  of  CO 
will  he  the  doalnate  source  of  X'v  radiation  while  the  beaa  Is  cn  and  will 
decav  exponentially  until  doalnated  after  roughlv  C.26  s  by  process  3,  the  V *V 
exchange  with  •*  . 

The  purpose  of  this  subsection  is  tc  Investigate  processes  4  through  10 
free  Table  2-1,  all  -!  which  Involve  the  quenching  of  electronically 
-setastahle  species  which  aay  be  directly  cr  secondarily  created  by  electron 
lapect.  <ev  characteristics  of  these  detestable  states  are  suamrlzed  In 
"able  2-2. 

“echanlsas  4  and  *  Involve  quenching  .t  N-  A1.  'Tnder  EXCEDE  conditions 
the  pr  duct  lor.  of  s  a  has  been  estimated  to  be  equivalent  to  the  Ion  pair 
production  rate.*  Since  each  N4'A:  represents  at  least  6.16  eV  of  excitation 

energy,  over  i "T  of  the  ton  pair  production  energy  appears  to  flow  through 
this  species.  hechanlsa  4  froa  Table  2-1  is  a  two  step  process  whereby  N2(A) 
Is  quenched  by  T  tc  fens  the  COia'  state  in  a  near  resonant  E-E  exchange 
process.  X<a  Is  then  co 1 1 1 s 1 ona 1 ly  or  radlatlvely  quenched  to  yield  00(v). 
hechanlsm  *>  Involves  direct  E  *V  quenching  by  CO. 

As  Indicated  bv  Table  2-2,  Nt<A)  Is  rapidly  reactlvely  destroyed  by  0  and 
c,  with  N.ia),  with  v  -  0  rate  constants  of  3  x  10"  *  1  cmVsec’*  and  2  x  10~1^ 
respectively.  I  f  we  take  tO  at  100  km  to  be  5  x  10  *  •  ct* J  and  ^02]  a*  4  x 
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10  cm  Chen  Che  quenching  rate  for  N2(A)  is: 

%  +  02“  kot°3  +  k02  [°2]  -  3  *  10-11  *  5  *  1011  + 

2  *  10"12  x  2  x  10 12  -  19  sec-1 

which  is  significantly  faster  than  the  compared  radiative  quenching  rate  of 
1/trad  *  0,5  *tc'1' 

The  quenching  rate  constant  for  N2(A),  v  »  0  by  CO  is  5  x  10“  12-  For  a 
[co]  of  5  x  108  at  100  km  the  CO  quenching  rate: 

Qco  -  kco  [CO]  -  5  x  10‘12  X  5  X  108  ■  2.5  x  10-3  sec-1 

which  is  1.3  x  10  of  the  combined  0  and  02  rate.  The  amount  of  N2(A)  energy 
eventually  deposited  in  CO(v)  when  CO  quenches  N2(A)  is  not  known,  but  since 
most  of  the  reaction  passes  through  C0(a)  which  will  radlatlvely  decay  at  a 
rate  of  -140  sec  1  it  may  be  quite  small.  This  fraction  of  the  ion  pair 
energy  flowing  into  CO(v)  via  N2(A)  can  be  written  as  the  fraction  of  the  ion 
pair  energy  going  to  N2(A)  (.17)  times  the  fraction  quenched  by  CO  (2  x  10-4) 
times  the  fraction  of  the  energy  quenched  ending  up  as  C0(v).  If  we  take  this 
latter  fraction,  designated  fv(C0),  as  certainly  0.1  or  less  we  then 
estimate  that  mechanisms  4  and  5  together  cannot  pump  more  than  0.17  x  2  x 
10  x  0.1  or  3.4  x  10  of  the  ion  pair  energy.  This  fraction  is 
significantly  less  than  the  4.5  x  10-5  calculated  for  direct  excitation,  but 
adght  play  a  role  after  a  few  radiative  decays  of  the  directly  excited  C0(v)  - 
if  fy(CO)  is  as  large  as  0.1  for  the  combination  of  processes  4  and  5. 

0(  *S)  quenching  by  CO  is  a  second  potential  E-*V  source  of  C0(v).  As 
shown  in  Table  2-2  0(*S)  is  produced  by  atomic  oxygen  quenching  of  N2(A)  and 
by  dissociative  neutralization  of  02+.  Since  we  have  shown  above  that 
(depending  on  [o]  assumed)  roughly  half  of  the  N2(A)  at  100  km  is  quenched  by 
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0.  Recent  measurements  indicate  that  .752  of  these  quenching  interactions 
result  in  0( ^S)  production. 35  Thus  at  100  ka  roughly  0.4  0( *S)  per  ion  pair 
may  be  created  through  the  N2(A)  channel.  Analysis  of  the  PRECEDE  experiment 
indicated  that  this  mechanism  dominates  0( ^S)  production  under  EXCEDE-like 
conditions  in  the  100-116  km  range  with  02+  recombination  dominating  only 
below  96  km.  Assuming  the  N2(A)  source  is  dominant  at  100  km  the  fraction 
of  the  ion  pair  production  energy  flowing  through  0( *S)  is  the  0(  1S)  energy  as 
a  fraction  of  the  ion  pair  energy  (4.19/35  eV)  times  0.4  or  .0.05. 

As  shown  in  Table  2-2  the  main  deactivation  mechanisms  for  0( LS)  are 
quenching  by  02  and  radiative  decay.  Previous  laboratory  experiments 
indicating  a  fast  quenching  rate  for  0( 3P)  have  been  discredited  due  to  02(*A) 
contamination  results  obtained  since  the  analysis  of  the  PRECEDE  experiment23 
was  published.  The  quenching  rate  constant  for  02  has  been  measured  as  3.6  x 
10" 13  cm3  sec-1.36  For  a  100  km  [o2J  of  4  x  10 12  cm"3  this  leads  to  a 
quenching  rate  of: 

Qq2  -  fc02  [02]  -  3.6  x  10"13  x  2  x  1012  -  0.7  sec'1 

which  is  slightly  slower  than  the  radiative  quenching  of  l/xra<j  *  1«1 
sec-1.  Taken  together,  the  02  and  radiative  quenching  rate  can  be  estimated 
as  ~1.8  sec-1  at  100  km.  The  quenching  of  0(  1S)  by  CO  is  an  inefficient 
process  with  a  measured  rate  constant  of  4.9  x  10~15  cm3  sec-1.36  Assuming  a 
[co]  of  5  x  108  cm-3  leads  to  a  O^S)  quenching  rate  by  CO  of: 

Qco  "  kco  "  5  x  1q8  x  4,9  x  10~15  *  2,5  x  10~6  8ec~1 

Thus,  at  100  km  the  O^S)  quenching  rate  by  C0  is  estimated  to  account  for  no 
more  than  2.6  x  10-6  sec-1/1.8  sec-1  -  1.4  x  10"6.  Since  0(  1S)  represents 
0.05  of  the  ion  pair  creation  energy,  the  0( 1S)  source  can  not  channel  more 
than  a  negligible  -  7  x  10  of  the  ion  pair  production  energy  into  C0(v). 
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The  third  possible  source  of  CO(v)  by  E+V  exchange  from  metastable 
electronic  species  is  O^D).  From  Table  2-2  0(  *D)  can  be  produced  by 
dissociative  recombination  of  O2  and  NO*  and  also  by  radiative  quenching  of 
0(*S).  Since  the  neutralization  of  both  02+  and  NO*  efficiently  produce  0(  *D) 
and  since  N2*  produces  either  NO*  or  02+  in  interaction  with  0  and  02 
respectively  the  ion  channel  may  produce  nearly  one  0( *D)  per  ion  pair  through 
dissociative  neutralization. 

For  the  0( 1 S)  channel,  nearly  962  of  the  radiatively  damped  0(  iS) 
produces  O^D)2*4  and  since  at  100  ka  ve  have  estimated  that  -442  of  the 
O^S)  quenches  radiatively,  then  we  expect  roughly  0.96  x  0.44  x  0.4  =  0.17 
0( *D)  per  ion  pair  through  the  0.4  0( *S)  per  ion  pair  as  observed  in  the 
PRECEDE  experiment.  Thus  in  total  we  expect  “1.17  0( *D)  per  ion  pair 
representing  1.17  x  EtO^J/X  (Ion  Pair)  ■  1.17  x  1.97/35  -  0.066  of  the  ion 
pair  production  energy. 

The  main  quenching  mechanism  for  0( *D)  at  100  km  is  quenching  by  Nj  with 
a  quenching  rate  constant  of  2.3  x  10"11  cm3  sec”1.24  The  rate  constant  for 
02  quenching  is  a  factor  of  1.5  to  3  larger  than  that  for  N2,  but  the 
concentration  of  N2  is  5  to  10  times  the  O2  concentration  at  the  altitudes  of 
Interest  leaving  N2  as  the  dominate  quencher. 

At  100  km,  the  combined  N2  and  02  quenching  rate  can  be  calculated. 

After  choosing  the  laboratory  measured  rate  for  O2  quenching  of  3.6  x  10_ 1 1 
3  •  1  24 

cm  sec  we  calculate: 

QN2  +  02  "  S12  +  k02  ^°2-l 

-  2.3  x  10"11  x  1  x  1013  +  3.6  x  10~11  x  2  x  1012 

-  300  sec"1 

The  total  rate  constant  for  CO  quenching  of  0(  *D)  has  been  measured  as  7.3  x 
10“ 11  cm3  sec"1  with  a  vlbrationally  specific  rate  constants  (ratioed  to  1.0 
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for  v  -  1)  of:  1.5,  1.0,  0.66,  0.50,  0.36,  0.25,  0.12,  0.011  for  V  -  0  to  7 
respectively. 37  This  yields  «n  average  C0(v)  of  1.7.  The  quenching  rate  of 
0(*D)  to  CO  at  100  lea  Is  then: 

Qco  "  kco  "  7,3  x  10’U  x  5  *  10® 

-  3.7  x  10" 2  sec*1 


When  compared  with  the  N2  end  02  rate  of  3  x  10 2  we  predict  that  *  1.2  x  10“ ** 

of  the  0( *0)  energy  or  1.2  x  10*4  *  0.066  ■  7.9  x  10~6  of  the  Ion  pair 

production  energy  will  be  deposited  In  CO  through  0(  1D)  quenching  at  100  km. 

This  ~8  x  10* 6  is  fairly  small  (-1/6)  compared  to  the  4.5  x  10” 5 

calculated  for  direct  electron  Impact  excitation  at  100  km  and  since  the  0( lD) 

2  *1 

source  is  collisionally  quenched  with  a  time  constant  of  1/3.0  x  10  sec  »  3 
msec  this  source  does  not  significantly  outlast  the  direct  excitation 
channel.  However,  within  the  uncertainties  of  the  respective  estimates  It  may 
noticeably  enhance  the  direct  electron  impact  excitation  source. 


The  final  metastable  reservoir  species  to  be  considered  are  all 

electronically  excited  states  of  molecular  oxygen.  They  Include  three  highly 

excited  states  in  the  4.5  to  5  eV  range  and  the  lower  lying  and  better 

characterized  b  1£+  and  a  3dg  states.  Key  characteristics  for  these  states 
8 

are  listed  in  Table  2-2. 


Our  previous  analysis  of  the  PRECEDE  long  lived  visible  and  near 
ultraviolet  4.5  glow  identified  the  three  4. 5-5.0  eV  02  states  as  probable 
important  species  under  EXCEDE  excitation  conditions  and  reviewed  apparent 
observations  of  these  states  in  the  natural  aurora  and  airglow.  The 
integrated  strength  of  the  long  lived  PRECEDE  glow  represents  5-6Z  of  the  beam 
deposition  energy  and  represents  an  average  [02]  in  the  irradiated  volumes  of 
order  107  -  108  cm-3. 


Quenching  data  for  the  three  4.5-5  eV  02  states  is  scarce,  but  recent 
studies  by  Kenner  and  Ogryzlo  have  yielded  room  temperature  values  of  9.3  x 
10~i5,  1.3  x  10*11,  1.3  x  10"13,  7  x  10'13  and  7.2  x  10"16  for  0 2(A)  quenching 
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by  Nj,  0,  O2,  CO 2  and  Ar  respectively  and  5.9  x  10” 12,  3  x  10” l4,  <6  x  10“  14, 

and  6  x  10”  6  for  02(c)  by  0,  O2,  CO2  and  Ar  respectively.  »  The  02(A) 

values  for  0,  02  and  Ar  are  for  the  V  •  2  state  while  other  values  are  for  the 

ground  vibrational  state.  Except  for  the  atomic  oxygen  values  all  of  these 

rates  are  extremely  slow  and  are  consistent  with  our  analysis  of  the  PRECEDE 
data  which  indicates  little  quenching  above  95  km.  Atomic  oxygen  is  probably 
the  most  serious  quenchant  above  95  km.  If  Kenner's  and  Ogryzlo's  value  of 
5.9  x  10“12  for  kg  is  accepted  for  the  02(c)  state  then  the  quenching  rate 
at  100  km,  assuming  [0]  of  5  x  10 11  cm”3,  is: 

Qq  -  kQ  [0]  -  5.9  x  10”12  x  5  x  1011  -  3.0  sec-1 

This  compares  with  an  expected  radiative  quenching  rate  of  l/?racj  “  0.04  to 
0.02  sec”1  from  Table  2-2.  However,  it  is  important  to  remember  that,  as 
indicated  in  Figure  2.2,  the  atomic  oxygen  concentration  is  quite  uncertain  in 
this  altitude  range  and  also  that  the  quenching  rate  constants  results  by 
Kenner  and  Ogryzlo  are  difficult  to  measure  and  have  not  been  confirmed  by 
either  additional  laboratory  or  field  measurements. 

No  quenching  rates  for  the  4.5-5  eV  02  states  are  available  for  CO, 
however  the  rates  for  the  isoelectronic  species  N2  or  C02  should  certainly  be 
indicative.  A  value  in  the  10“ 13  to  10” 14  range  seems  most  likely  from  the 
available  data.  Assuming  a  k^  of  10" 13  for  all  three  states  and  a  [co]  of 
5  x  10®  gives: 

Qco  “  kco  [C03  "  l0"13  x  5  x  108  -  5  x  10”5  sec”1 

Comparing  this  number  with  the  radiative  quenching  rates  of  5.5,  0.2-0.02  and 
0.04-0.02  for  the  A,  A'  and  c  states  respectively  indicates  that  no  more  than 
10”5,  2.5  x  10“2to3  and  2. 5-1. 2  x  10”2  of  each  state  can  be  transferred  from 
02*  to  CO,  this  fraction  is  lessened  by  any  collislonal  quenching  of  02* 
energy  which  is  not  transferred  into  CO  vibration.  Assuming  that  62  of  the 
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Incident  beam  is  deposited  in  02*5  allows  probable  upper  bounds  of  CO(v)  of  6 
x  10-/,  1.5  x  10" 3 t0"4,  and  1.5  to  0.7  x  10”3  of  the  beam  energy  for  the  A, 

A*  and  c  states  respectively. 

Vhile  these  probable  upper  limits  are  large,  it  is  important  to  note  that 

upper  bounds  or  probable  upper  bounds  have  been  assumed  for  k^Q,  the 

★ 

fraction  of  E+V  energy  transfer  from  02  to  CO  while  lower  bounds  have  been 

★ 

assumed  for  collisional  quenching  of  02.  All  of  these  assumptions  maximize 
the  calculated  limits  on  0*  to  C0(v)  E+V  transfer  and  each  could  contribute  at 
least  a  factor  of  10  to  the  overestimate. 

If  none  of  these  parameters  are  poorly  estimated  then  the  A'  and  c  states 

* 

of  02  might  compete  with  N2(v)  as  a  source  of  C0(v)  decaying  with  a  5  to  50 
second  timescale  (assuming  radiative  quenching  predominates)  compared  with  the 
10  minute  decay  rate  of  N2(v).  Due  to  its  faster  radiative  and  collisional 
quenching  rate  the  02(A)  state  is  clearly  a  negligible  source  of  C0(v). 

The  two  lower  lying  02  metastable  electronic  states,  02(b1z+)  and  02  (a 

1  ® 

Ag)  at  1.64  and  0.98  eV  of  energy  represent  the  lowest  energy  electronic 

metastables  from  Table  2-1.  Both  the  collisional  and  radiative  quenching  of 

these  states  is  very  slow  and  have  been  reviewed  by  Davidson  and  Ogryzlo; 40 

the  recommended  quenching  rate  for  02(b)  by  N2  is  2.2  x  10“ 15  cm3  sec”1  and  by 

CO  is  3.3  x  10”15.  Since  the  [C0]/[N2]  ratio  is  [5  x  10® ]/ [ 10 1 3 J  -  5  x  10“5 

while  the  ratio  of  quenching  rate  constants  is  only  3.3  x  10”15/2.2  x  10”15  » 

1.5  it  is  clear  that  less  than  1.5  x  5  x  10” 5  a  7.5  x  10“ 5  of  the  energy  in 

02(b)  can  flow  through  CO.  However,  at  100  km  even  the  N2  quenching  rate: 

QN2  “  ^2  [ N2 J  ■  2.2  x  10"15  x  1013  -  2.2  x  10“2  sec"1 

is  slow  compared  to  the  radiative  quenching  rate  l/t^j  -  1/12  sec  -  8.3  x 
10”2  sec,  so  less  than  7.5  x  10"5  of  the  02(1e)  energy  passes  through  00. 

Given  the  excitation  mechanisms  (direct  excitation  by  electron  impact  and 
0( 1 S)  quenching  by  02  listed  in  Table  2-2)  no  more  than  1Z  of  the  ion  pair 
excitation  energy  can  be  expected  to  flow  through  02(b).  Thus,  no  more  than 
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7.5  *  10" 7  of  the  ion  pair  energy,  a  negligible  amount,  can  reach  C0(v) 
through  this  channel. 

We  also  expect  that  02(a)  represents  a  negligible  source  of  C0(v).  While 
there  appears  to  be  no  direct  measurement  of  the  CO  quenching  rate  constant  of 
02(a),  by  analogy  with  02(b),  it  can  be  expected  to  be  similar  to  that  for 

N2.  Since  the  02  quenching  rate  constant  for  02  is  “24  times  larger  than 

that  for  N2,  CO  will  probably  have  to  compete  with  02  quenching  as  well  as  N2 
<ko2  ■  2  *  10~18).  Since  the  [co]/[o2]  ratio  at  100  km  is  “  5  x  10 8/  2  x 
10  *  2.5  x  10  and  the  rate  constant  ratio  can  be  expected  to  be  about 

1/24,  the  fraction  of  02(a)  quenched  by  CO  compared  with  02  is  about  10"  5. 
Given  the  sources  of  02(a)  listed  in  Table  2-2  (direct  electron  impact 
excitation  and  radiative  decay  from  the  c.  A'  and  b  states  of  02  we  would  not 
expect  more  than  a  few  percent  of  the  ion  pair  creation  energy  to  pass  through 
02(a) .  Thus,  the  maximum  energy  fraction  deposited  into  C0(v)  by  quenching  of 

03(a)  is  of  order  10" 7  which  is  negligible  compared  to  other  long  lived 

sources. 

2.2.5  Chemiluminescent  Reaction  Sources  of  C0(v) 

Infrared  chemiluminescent  processes  are  known  to  play  an  Important  role 
in  the  production  of  many  vlbratlonally  excited  species  in  the  upper 
atmosphere.  Thus,  a  systematic  evaluation  of  exothermic  reactions  to  produce 
C0(v)  was  undertaken.  Since  there  is  no  apparent  source  of  atomic  carbon  to 
form  CO  by  oxygen  abstraction  or  recombination,  the  only  apparent  chemical 
pathways  to  CO  Involve  the  abstraction  of  an  oxygen  atom  from  C02. 

However,  as  noted  in  subsection  2.2.1  the  0-C0  bond  is  strong  and 
furthermore  any  reaction  as  simple  as  an  0  atom  extraction  from  CO 2  may  well 
leave  the  nonparticipating  CO  fragment  vibrationally  cold.  One  potential 
chemiluminescent  reaction  which  does  produce  CO  in  an  exothermic  process  was 
identified,  the  reaction  of  0*  with  C02: 

0+  +  CO2  ♦  02+  +  CO 
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which  is  l.S  eV  exothermic  and  proceeds  with  a  room  temperature  rate  of  1.2  x 

m-9  „3  .-1  41 

10  cm  sec  . 

The  major  source  of  0+  is  expected  to  be  dissociative  ionization  of  02  by 
electron  impact  a  process  which  has  about  1/3  the  total  ionization  cross 
section  for  02,20  thus  about  1/3  of  the  02  ionized  will  form  0+. 

Since  [02]  is  about  0.2  [N2]  at  100  km  and  since  the  02  and  N2  total 
ionization  cross  sections  are  quite  similar,  we  can  estimate  that  0+  is 
produced  in  about  (1/3  x  1/6  *  1/18)  or  -52  of  the  total  ion  pair  production 
rate. 

In  addition  to  reacting  with  C02,  the  0+  will  react  with  N2(k  »  1.2  x 
10"12  cm3  sec"1)  and  02(k  -  2.0  x  10"11  cm3  sec"1).42  The  total  reaction  rate 
with  N2  and  02  at  100  km  is: 

\  +  o2  ■  ^  [*j]  +  ko2 

-  1.2  X  10"12  X  1  x  1013  +  2.0  x  10"11  x  2  x  1012 
•  52  sec"1 

Thus,  the  decay  rate  of  any  C0(v)  produced  by  0+  +  C02  would  decay  on  a  20 
msec  time  scale.  The  0+  plus  02 ,  N2  reaction  rates  can  be  compared  with  the 
rate  for  C02  where,  from  Figure  2-2  we  take  [C02]  at  100  km  as  2  x  109  cm"3: 

R™  -  k„  [CO,]  -  1.2  x  10"9  x  2  x  109  -  2.4  sec"1 

UU  2  CU  2  L  J 

representing  -4.6  x  10"  of  the  02+N2  rate. 

If  we  assume  that  all  1.5  eV  of  the  0+  +  C02  reaction  exothermicity  winds 
up  in  C0(v),  (something  which  is  quite  unlikely)  then  an  upper  bound  for  the 
fraction  of  the  ion  pair  creation  energy  can  be  calculated  from  the  ratio  of 
0+  to  total  ion  production  (0.05),  the  fraction  of  0+  reacting  with  C02 
(0.038)  and  the  fraction  of  the  ion  pair  production  energy  represented  by  the 
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exothermic!. ty  of  the  reaction  (1.5/35  “  0.043).  The  resulting  product  (0.05  x 
0.046  x  0.043)  is  1  x  10_l+  which  is  significant  when  compared  with  the  4.5  x 
10-5  calculated  for  direct  electron  impact. 

However,  our  analysis  of  the  EXCEDE  Spectral  data  makes  it  unlikely  that 
this  mechanism  produces  the  observed  CO  radiation  -  for  the  same  reason  we 
rejected  dissociative  electron  impact  on  C02*  As  noted  in  subsection  2.2.1  if 
this  mechanism  dominated  C0(v)  production,  the  observed  radiation  would  follow 
the  CO2  atmospheric  profile  rather  than  that  for  CO.  Since  the  observed 
radiation  matches  the  CO  profile  quite  well,  as  demonstrated  in  Figure  2-4,  we 
can  rule  out  0+  +  CO2  as  the  major  source  of  C0(v).  Again  the  major  reason 
for  the  failure  of  this  mechanism  is  expected  to  be  that  CO  is  produced  with 
little  or  no  vibrational  excitation  in  this  fast  and  presumably  direct 
reaction. 


3.  PRODUCTION  MECHANISMS  FOR  VIBRATIONALLY  EXCITED  OZONE 


Ozone  is  a  weakly  bound  species  with  an  02-0  bond  energy  of  **1.0  eV . 
It  is  formed  throughout  the  upper  atmosphere  by  the  three  body  reaction: 


o  +  o2  +  m-*o3  +  m 

with  a  termolecular  rate  constant  of  6.0  x  10“34  (T/300)-2,3  cm6  sec-1  for 

4  3 

N2  and  02  as  dominant  third  bodies. 

In  the  upper  mesosphere  and  lower  thermosphere  03  is  rapidly  photolyzed 
during  daylight.  At  night  the  formation  reaction  is  balanced  by  reaction  with 
atomic  oxygen  and  atomic  hydrogen 


0  +  03  +2  02 


H  +  03  +  OH  +  02 

with  rate  constants  of  8.0  x  10” 12  exp“2060/T  cm3  sec-1  and  1.4  x  10" 10  exp 
-470/T  respectively, 43  leading  to  typical  03  profiles  as  plotted  in  Figure 
2-2.  A  major  assessment  of  the  aeronomy  of  03  in  the  undisturbed  mesosphere 
and  lower  thermosphere  has  recently  been  published.44 

As  illustrated  in  Figure  2-2,  normal  atmospheric  03  profiles  fall  off 
rapidly  above  95  km,  leaving  little  ambient  03  for  vibrational  excitation  by 
electron  impact  or  by  V+V  or  E-»V  exchange  processes  above  100  km. 

03(v)  is  of  interest  to  the  EXCEDE  program  because  of  its  strong  v3 

vibrational  mode  centered  in  the  long-wavelength  infrared  region  at  1042  cm“ 

(9.6pm).  The  v3  mode  has  a  band  strength  measured  to  be  in  the  range  of 


324-35S45 i 46  era"2  atm"1  at  STP.  Selecting  the  recent  band  atrength 
measurement  of  355  cm"2  atm"1  45  and  utilizing  Penner’a  expression30  as 
illustrated  for  CO  in  subsection  2.2  leads  to  a  radiative  lifetime  of  92.7 
ms. 

O3  also  has  two  other  infrared  active  vibrational  bands,  vi  centered  at 
1103  cm-1  (9.1  ^m)  and  \>2  at  701  cm"1  (14.1  ura).  However,  both  of  these  bands 
are  much  weaker  than  v3  with  reported  band  strengths  of  9.65  and  17.9  as"2 
atm"1  at  STP  respectively. 44  These  band  strengths  and  frequencies  correspond 
to  radiative  lifetimes  of  3042  and  4059  ms.  for  V}  and  V2  respectively. 

3.2  Excitation  of  Ambient  O3 

At  night  below  100  km  sufficient  ambient  O3  may  be  present  to  warrant 
consideration  of  mechanisms  which  would  enhance  its  vibrational  population. 

Possible  ambient  excitation  mechanisms  Include  direct  excitation  by 
electron  impact,  E-*-V  exchange  with  the  metastable  electronically  excited 
species  listed  in  Table  2-2  (N2(A),  02(a, b,A,A' ,c ) ,  0( 'd,  *5)  and  V-V  exchange 
with  N2(v)  or  02(v). 

3.2.1  Electron  Impact  Excitation  of  Ozone 

Direct  electron  Impact  excitation  Is  difficult  to  assess, 
complicating  factor  is  that  03  is  subject  to  dissociative  attachment: 46 

03  +  e  •*  0"  +  02  +  0.43  eV 
and 

O3  +  e  ♦  02"  +  0  ■  0,6  eV  . 

These  are  relatively  efficient  processes  for  thermal  electrons  with  a  rate 
constant  of  8.9  x  10“12  (T/300)3/2  cm3  sec"1  where  T  is  the  electron 
tempera ture. 4 1  The  dissociative  attachment  cross  section  is  known  to  peak 


between  1.0  and  1.5  «V  for  both  tha  lowest  energy  (0“)  end  secondary  (Oj-) 
processes  with  absolute  cross  sections  estimated  to  be  10-13  to  10-1'  cm2  for 
each  channel.**8  While  the  electron  teaperature  Is  not  well  defined  under 
EX CEDE  conditions,  during  the  been  Irradiation  a  the raa 1  electron  effective 
temperature  of  many  thousand  *K  Is  probable,  leading  to  a  dissociative 
attachaent  rate  constant  as  large  as  10~9cm3  sec-1.  With  an  average  electron 
density,  tig,  of  order  106  cm-3  for  EXCEDE  bean  on  conditions  at  100  km, 
aablent  03  will  not  be  destroyed  during  the  bean  duration  since  the  rate  for 
03  destruction  can  be  estlauited  as: 

R  -  k  [el  -  10-9  x  106  -  10-3  sec-1 

Q  ^  *  * 

However,  since  quantitative  Inelastic  excitation  cross  sections  for  03 
are  not  available  the  ratio  of  effective  vibrational  excitation  to 
dissociative  attachment  cross  sections  Is  not  known.  Electron  energy  loss 
spectra  for  03  do  show  considerable  structure  In  the  1.2  to  2.5  eV  range  which 
Is  predoalnantly  associated  with  known  03  excited  electronic  sta tes ; 49-5  * 
while  electron  transmission  Intensity  derivative  neasureraents  have  Indicated 
clear  vibrational  structure  for  an  03~  transition  In  the  0.9  to  1.8  eV 
range.91  Unfortunately  none  of  these  experlacnts  give  any  measure  of  absolute 
vibrational  excitation  cross  sections  for  Inelastic  electron  scattering. 

In  summary  there  la  some  possibility  that  below  100  km,  where  night  time 
ambient  03  may  exceed  108  cm-3,  sufficient  03(v)  may  be  excited  by  direct 
electron  Impact  and  survive  dissociative  excitation  to  be  observable. 

However,  In  the  absence  of  quantitative  e/03  Inelastic  excitation  cross 
section  saasurements  It  Is  difficult  to  predict  the  amount  of  03(v)  which 
might  be  produced. 

3.2.2  E-»V  Excitation  of  Osone 

Ambient  03  vibrational  excitation  can  also  occur,  In  principle,  with  each 
of  the  metastable  electronic  species  listed  In  Table  2-2.  However,  the 


weakness  of  Che  02-0  bond  In  OjC'l  eV)  compared  Co  Che  excitation  energy  of 
chese  species  leads  Co  Che  predlcdon  chat  Chelr  quenching  by  O3  will 
generally  result  In  03  dissociation: 

► 

o3  +  m*-*-o2  +  o  +  m 

rather  than  production  of  03(v).  The  energy  mismatch  between  Che  metastable 
|  excitation  energies  of  N2(A),  O^S),  O^D),  02(A,A'  and  c)  and  CO(a)  are  all 

clearly  coo  large  to  expect  03(v)  production-  Only  02(b)  with  a  total 
electronic  energy  of  1.64  eV  (only  0.66  eV  above  02(a))  and  02(a)  at  0.98  eV 
may  be  capable  of  vibratlonally  exciting  03  without  dissociating  It  at  the 

> 

same  time. 

;  Laboratory  investigations  of  03  quenching  of  02(b)  and  02(a)  give  some 

I  indication  of  the  likelihood  that  these  processes  lead  to  03(v).  Several 

:  measurements  of  the  02(b)  quenching  rate  constant  by  03  give  values  near  2  x 

10' U  cm3  sec'1  52~5*  with  an  03  dissociation  fraction  In  the  range  of  0.6  to 
’  0.7. 53,54  Thus,  O3  does  effectively  deactivate  02(b)  and  about  one  third  of 

the  03  survives  the  collision. 

The  degree  of  03  vibrational  excitation  in  the  03  which  survives  02(b) 

•  quenching  collisions  is  unknown.  However,  an  upper  limit,  in  terms  of  the 

ion  pair  creation  energy  can  be  estimated  by  noting  that:  1)  no  more  than  0.6 
of  the  02(b)  excitation  energy  can  be  transferred  to  03  without  dissociating 
the  receiving  ozone,  2)  that  approximately  one  third  of  the  03/02(b) 
collisions  do  not  dissociate  the  O3,  3)  our  estimate  from  subsection  2.2.4 
that  a  limit  to  the  fraction  of  the  ion  pair  creation  energy  flowing  through 
O^b)  is  ~0.Q1  and  again  from  subsection  2.2.4,  that  the  02(b)  dominant 
quenching  process,  radiative  decay,  has  a  rate  of  8.3  x  10-2  sec-1  while 
1  quenching  by  N2  at  100  km  proceeds  at  a  rate  of  2.2  x  10" 2  sec-1.  From  Figure 

J  2-2  we  estimate  a  100  km  O3  abundance  of  IQ8  cm'3,  thus  the  03  quenching  rate 

for  02(b)  at  100  km  is: 

Q  -  k [ 0 3 ]  -  2  x  10'U  x  10®  -  2  x  1C~3  sec'1 


he 


<w.v:-v-v 


or  2Z  of  the  combined  radiative  and  N2  quenching  decay  rates  at  100  km. 

Thus,  an  upper  limit  for  the  fraction  of  the  ion  pair  creation  energy 
which  can  flow  into  03(v)  at  100  km  can  be  estimated  as  the  02(b)  energy 
fraction,  times  the  percentage  of  02(b)  quenched  by  03,  times  the  fraction  of 
quenching  collisions  in  which  03  survives,  times  the  fraction  of  the  02(b) 
excitation  energy  which  can  be  deposited  into  03(v)  without  O3  dissociation; 
or  0.01  x  0.02  x  0.67  x  0.6  ■  8  x  10"5.  This  is  a  significant  upper  limit  for 
03(v)  production  from  02(b)  and  nmy  well  be  observable.  It  will  decay  with  a 
time  scale  characteristic  of  02(b)  radiative  decay  rate  plus  colllslonal 
quenching  by  N2.  As  noted  above  at  100  km  this  rate  is  (8.3  +  2.2)  x  10"2 
3  0.1  a”1  giving  it  a  characteristic  time  scale  of  10  s  at  100  km. 

On  the  other  hand,  the  quenching  rate  for  02(a)  by  03  is  very  slow,  as  it 
is  for  most  other  gases.  At  300°K  a  quenching  rate  constant  of  3  x  10"15  cm3 
sec”1  has  been  measured55”52  but  temperature  dependent  experiments56"52 
indicate  that  the  appropriate  cate  to  use  for  the  200#K  temperature  typically 
found  at  100  km  is  4  x  10” 12  cm3  sec"1,  leading  to  a  02(a)  quenching  rate  by 
O3  at  200  km  of 

-  k^  [03]  -  4  x  10” 12  x  10 8  -  4  x  10”9  sec"1 

This  compares  with  the  02  quenching  rate  which  is  10 3  times  faster: 

Qq2  -  kQ2  [02]  -  2  x  10"18  x  2  x  1012  -  4  x  10”6  sec"1 

Furthermore,  it  is  suspected  that  most  of  the  measured  02(a)  quenching 
reactions  with  03  lead  to  dissociation  of  03. 55-52 

In  any  event,  since  we  concluded  in  subsection  2.2.4  that  no  more  than  a 
f«w  percent  of  the  ion  peir  creation  energy  can  pass  through  02(a)  and  since 
only  about  10"3  of  the  02(a)  is  quenched  by  03  we  can  conclude  that  the  upper 
Unit  for  03(v)  creation  in  the  quenching  of  02(a)  is  few  times  10"5  of  the 


ion  pair  creation  energy.  When  the  fact  that  O3  dissociation  is  believed  to 
be  the  major  product  channel  for  02(a)  quenching  is  added  to  the  very  slow 
transfer  rate  it  is  clear  02(a)  cannot  produce  observable  03(v)  under  EXCEDE 
conditions. 

3.2.3  V-»V  Excitation  of  0^(v) 

As  explored  in  subsection  2.2.3,  a  considerable  fraction,  "2.4  x  10"4, 
of  the  ion  pair  creation  energy  is  deposited  in  N2(v)  under  EXCEDE 
conditions.  However,  since  rate  constants  for  even  near  resonant  V-V  transfer 
processes  are  small,  this  energy  oust  be  channeled  into  infrared  active  trace 
species  vibrational  modes  like  CO(v)  and  03(v)  over  very  long  time  scales.  A 
smaller  fraction  of  the  ion  pair  creation  energy  (<10“4)  can  be  expected  to  be 
deposited  in  02(v). 

Ozone  is  an  unpleasant  laboratory  chemical,  and  very  few  laboratory 
vibrational  quenching  experiments  have  been  reported  for  03  as  a  reactant.  We 
are  not  aware  of  any  V+V  transfer  measurements  for  either  N2(v)  or  02(v)  by 
03.  However,  based  on  similar  nonresonant  systems  such  as  02(v)  transferring 
to  C02(v)  we  doubt  that  V+V  quenching  rate  constants  for  N2(v)  and  02(v)  by  03 
in  the  200-300°K  temperature  range  exceed  10“ 14  cm3  sec"1.  Assuming  this 
10"14  upper  limit  we  can  calculate  the  fastest  time  scales  for  V+V  transfer 
from  02(v)  and  N2(v)  to  O3  as  »  ky+y  x  [03]  or  10"14  cm3  sec"1  x  10s  cm"3  * 
10"6  sec"1  at  100  km.  Thus,  the  transfer  rate  from  N2(v)  or  02(v)  to  03  has  a 
probable  time  scale  no  shorter  than  106  seconds  or  11.6  days.  Thus,  no 
observable  enhancement  of  03(v)  can  be  expected  from  V+V  transfer  under  EXCEDE 
experimental  conditions. 

3.3  Chemical  Production  of  0^(v) 

Above  100  km  ambient  03  drops  to  negligible  levels  and  observable  levels 
of  03(v)  must  be  formed  in  a  chemical  reaction. 

The  most  common  atmospheric  source  of  03<v)  is  chemiluminescent 
production  in  the  recombination  formation  reaction: 


j  ww  ■>  I  I  m  i  im  nrrm— '■  ■  . . tt-i-i-tt 
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0  ♦  02  ♦  M  ♦  03(v)  +  M 


Numerous  laboratory  experiments  have  demonstrated  that  this  reaction  Is  an 
efficient  source  of  03(v). 58-60 

However,  we  do  not  expect  this  reaction  to  contribute  to  the  03(v) 
spectrum  under  El CEDE  conditions  because  there  Is  negligible  enhancement  of 
either  0  or  02  caused  by  the  electron  irradiation  process,  and  because  the 
rate  of  0  recombination  with  02  has  an  extremely  long  time  scale,  calculable 
from  the  0  recombination  rate  at  100  km  as: 

R0  ♦  02  +  M  *  k0  +  02  ♦  M  M 


-  6.0  x  10“34 


cm6  sec-1  x  2  x  10 12  cm 3  x  1.2  x  10  : 3  cm 3 


-  3.7  x  10’8  sec-1 


Thus,  the  time  scale  for  0  atom  recombination  is  over  10 7  sec.  at  100  km. 

Clearly  if  an  infrared  chemiluminescent  source  of  03(v)  Is  to  be 
operative  on  EX CEDE  experimental  time  scales  it  must  Involve  a  two  body 
process.  Any  three  body  processes,  involving  either  ground  state  or  excited  0 
and  02  will  have  a  time  scale  for  too  long  to  be  observable  under  EXCEDE 
conditions. 

Ue  have  identified  one  possible  blaolecular  source  of  03(v),  the  reaction 
of  02  with  the  02*  4.5-5  eV  states: 


02  (A,  A'  or  c)  +  02  ■*  0a(v)  +  0 

As  noted  in  the  Introduction,  laboratory  experiments  reported  by  Kenner  and 
Ogryxlo  in  Reference  6  strongly  indicate  that  at  least  one  of  the  02  4.5-5  eV 
states  can  react  with  02  to  produce  03(v). 
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Also,  as  reported  by  us  In  References  4  and  5,  analysis  of  PRECEDE  data 
indicates  that  as  much  as  6Z  of  the  beaa  deposition  energy  may  result  In  02* 
production.  Furthermore,  as  discussed  in  subsection  2.2.4  both  intrinsic 
radiative  quenching  and  physical  quenching  of  these  states  by  atmospheric 
species  is  slow  enough  to  allow  then  ample  opportunity  to  react  with  ambient 
ground  state  02. 

At  the  present  time  we  have  little  quantitative  rate  information  for  this 
proposed  source  of  03(v),  however  the  work  reported  in  Reference  6  Indicates  a 
02*  +  O2  rate  constant  between  10" 12  and  10“ 14  cm3  sec-1.  Adopting  a 
relatively  small  value  of  3  z  10"14  cm3  sec-1  gives  an  (>3(v)  production  rate 
at  100  ka  of: 

V  -  kQ2*  +  02  [o2]  *  3  x  10"14  cm3  sec"1  x  2  x  1012  cm"3  -  0.06  sec-1 

Thus,  03(v)  production  rate  is  slower  than  the  02(A)  radiative  quenching  rate 
by  about  a  factor  of  80  but  comparable  with  the  02(A')  or  02(c)  radiative  or 
colllslonal  quenching  rate.  This  rate  estimate  would  give  ~  17  second  time 
scale  for  the  release  of  the  copious  02*  energy  into  03(v)  which  may  well  be 
observable  by  properly  designed  EXCEDE  experiments.  The  choice  of  the  3  x 
10" 14  cm3  sec"1  reaction  rate  constant  for  02*  with  02  is  consistent  with 
the  sseasured  quenching  rate  for  02(c)  by  02  and  with  our  analysis 
identifying  02*  as  the  PRECEDE  long  lived  visible  radiator.4'5  However, 
it  should  be  remembered  that  the  02*  +  02  rate  constant  is  very  uncertain 
and  the  actual  time  scale  may  be  a  factor  of  10  or  100  faster.  Up  to  20Z 
(~1  eV)  of  the  02*  energy  can  be  transfered  into  03(v),  so  that  as  much  as 
0.2  x  0.06  ■  1.2  x  10"2  of  the  beam  deposition  energy  could  appear  in  03(v)  at 
100  km. 

It  should  also  be  noted  that  current  photochemical  theory  badly  under- 

uu 

predicts  03  densities  above  100  km  and  an  additional  03  production  mechanism 
such  as  02  +  02  which  is  not  Included  in  current  theory  seems  to  be 

necessary  to  cure  this  deficiency. 


4.  CONCLUSIONS 


4 . 1  CO(v)  Production  Yields  and  Time  Scales 

The  initial  production  of  C0(v)  is  dominated  by  direct  electron  impact  on 
CO.  At  100  km  this  source  represents  about  4.5  x  10-5  of  the  ion  pair 
production  energy  and  after  beam  termination  decays  with  a  time  constant 
characteristic  of  the  CO  radiative  decay  (28.3  msec  for  v  =  1).  This  source 
may  be  noticeably  enhanced  by  additional  prompt  C0(v)  created  by  0( *D) 
quenching. 

On  the  time  scale  of  tenths  of  seconds  to  tens  of  seconds  after  bean 
termination  it  is  possible  that  E+V  transfer  from  N2(A)  and/or  two  of  the  O2 
4.5  -  5  eV  states  (A',  c)  may  contribute  to  the  C0(v)  signal,  however 
definitive  predictions  for  these  processes  require  better  knowledge  of  C0(v) 
specific  quenching  cross  sections  for  N2(A)  and  02(A’,  c)  by  CO  and  for  C0(a) 
by  N2,  O2,  and  0. 

Finally,  on  the  time  scale  of  minutes  to  tens  of  minutes,  a  long-lived, 
low-level  and  slowly  decaying  (*10  minute)  source  of  C0(v)  will  be  produced 
from  V+V  exchange  with  N2(v). 

4 . 2  O3  Excitation  Mechanisms 

Below  100  km,  excitation  of  ambient  O3  either  by  direct  electron  impact 
or  by  02(b  quenching  may  lead  to  observable  03^3)  emission  on  EXCEDE 
experimental  time  scales.  These  sources  will  be  produced  promptly  and  decay 
with  the  03(v)  radiative  v3  lifetime  of  92.7  msec. 

A  more  important  source  of  03(v)  operative  at  all  altitudes  of  interest 
is  the  reaction  of  electron-excited  O2*  4.5  -  5  eV  states  with  ambient  02- 
This  source  of  03(v)  may  involve  as  much  as  one  percent  of  the  ion  pair 
creation  energy,  it  will  most  likely  be  created  with  a  time  constant  of 
between  5  and  50  seconds  and  decay  on  a  similar  time  scale. 
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